Abbreviations
=============

ATM

:   ataxia telangiectasia mutated

ATR

:   ataxia telangiectasia Rad-3 related protein

C-casp-3

:   cleaved caspase 3

Cdk1

:   cyclin-dependent kinase 1

Chk1

:   checkpoint kinase 1

Chk2

:   checkpoint kinase 2

E

:   Embryonic day;

γ-H2AX

:   phosphorylated histone H2AX

HCs

:   horizontal cells

HPCs

:   horizontal progenitor cells

INM

:   interkinetic nuclear migration

Mdm2

:   murine double minute 2

Mdm4/X

:   murine double minute 4/X

p21

:   p21^CIP1/waf1^;

PH3

:   PhosphoHistone 3

st

:   stage

TBP

:   TATA binding protein

Introduction {#s0001}
============

Neurogenesis in the retina is coordinated by control of proliferation, cell cycle exit and differentiation of retinal progenitor cells. This is fundamental for the generation of the 5 neuronal and one glia cell type that comprises the retina.[@cit0001] The phases of the cell cycle are distributed between the different layers of the developing retina. During the process of interkinetic nuclear migration (INM), cells undergo S-phase on the basal side, followed by mitoses on the apical side of the neuroepithelium.[@cit0002] Once the cells undergo the terminal/neurogenic mitosis, they migrate out and withdraw from the cell cycle.[@cit0004] While this is valid for several of the retinal neuronal cell types, some Lim1 expressing (+) horizontal cells (HCs) can be generated by delayed non-apical mitoses during their final cell cycle. In chicken, these terminal mitoses occur on the basal side of the retina[@cit0005] and in zebrafish in the HC layer.[@cit0006]

The coordination of INM and the cell cycle is critical and must be regulated carefully for proper transition between the different phases. The cell cycle is precisely controlled by checkpoints that allow monitoring of the successive events.[@cit0007] Fragel-Madeira and colleagues demonstrated, in the murine retina, that platelet activating factor regulates the cell cycle at the S/G2-phase transition through a transient checkpoint kinase 1 (Chk1)-dependent cell cycle arrest. This checkpoint is active during the unperturbed cell cycle to guarantee safe transition.[@cit0008] This is consistent with our results in which blocking Chk1 in the chicken retina resulted in an increase of apical mitoses. Surprisingly, the inhibitor did not affect the basal mitoses of the Lim1+ horizontal progenitor cells (HPCs),[@cit0009] indicating that the terminal basal mitosis is regulated in a different way compared to cells undergoing INM. This prompted us to further investigate the cell cycle regulation of Lim1+ HPCs undergoing terminal basal mitosis.

We have previously demonstrated that the final cell cycle of Lim1+ HPCs is not regulated by the DNA damage response pathway.[@cit0009] However, phosphorylation of H2AX (γ-H2AX), a marker for DNA damage,[@cit0010] was induced in Lim1+ HPCs treated with DNA damaging agents indicates that the initial steps in the DNA damage response pathway is functional during the final cell cycle.[@cit0009] H2AX is phosphorylated by ataxia telangiectasia Rad-3 related protein (ATR) and ataxia telangiectasia mutated (ATM).[@cit0011] The ATM/ATR kinases activate downstream targets, Chk1, checkpoint kinase 2 (Chk2), and the tumor suppressor protein p53, leading to cell cycle arrest,[@cit0013] DNA repair, and apoptosis.[@cit0014] p53 is negatively regulated by murine double minute 2 (Mdm2) and murine double minute 4/X (Mdm4/X)[@cit0015] and regulates the cell cycle mainly via transcriptional activation of p21^CIP1/waf1^ (p21). p21 is a multifunctional protein that plays a main role as a cyclin-dependent kinase inhibitor,[@cit0017] as well as in the DNA damage-response and in the stress-response regulation.[@cit0018] p53 does not only have a function during a perturbed cell cycle, Vuong and colleagues demonstrated that p53 is expressed during the early development of the murine retina, where it may have a function in cell cycle progression without inducing apoptosis.[@cit0019]

In this work we have studied the regulation of the basal mitoses with focus on the Chk1- and the DNA damage-response. We compare effects on the regulation of the basal and apical mitoses in st29 retina by cisplatin-induced DNA damage and inhibition or activation of the p53 system. The results confirmed that the terminal basal mitosis of Lim1+ HPCs is not dependent on Chk1 for its regulation, in contrast to the apical ones. Furthermore, the Lim1+ HPC basal mitoses were less sensitive, than apical mitoses, to cisplatin-induced DNA damage. The Lim1+ HPCs were also able to continue into mitosis despite the presence of γ-H2AX and without activating caspase-3. However, directly induced expression of p21, by the p53 activator Nutlin3a, did reduce both apical and basal mitoses. These data suggest that the HPC basal mitoses have a regulation that is less dependent on the Chk1/2 upon DNA damage but they have a functional p53/p21 system. Control experiments addressing the fundamental cell cycle machinery showed that the cyclin B1-Cdk1 complex was active and functional during the basal mitosis of Lim1+ HPCs. The HPCs seems to be able to circumvent cell cycle checkpoints and continue to divide despite activation of Chk1/2. This may equip the Lim1+ HPCs with a system for cell cycle progression that is more prone to tumor development, particularly in a defective genetic background.

Results {#s0002}
=======

The terminal basal mitosis of HPCs is not regulated by Chk1 {#s0002-0001}
-----------------------------------------------------------

Proliferating retinal cells have a transient Chk1-dependent cell cycle arrest and we have previously analyzed the effect of blocking Chk1 during 2 developmental stages (st), st25 and st27.[@cit0020] These stages can be used to differentiate between the final cell cycle behaviors of the Lim1+ HPCs. At st25, HPCs have a final cell cycle with an S-phase that does not proceed into mitosis. At st27, the Lim1+ HPCs with basal mitoses can be observed in the very center of the retina. However, the peak in the number of basal mitoses is seen at st29.[@cit0005] To investigate the role of Chk1 in the regulation of the basal mitosis of Lim1+ HPCs, retina explants from st29 embryos were incubated with the Chk1 inhibitor SB218078[@cit0021] for 2 h. Cells in late G2/M-phase were identified with an antibody to phospho-histone 3 (PH3). We counted basal and apical mitoses separately in order to monitor Lim1+ HPCs (basal mitoses) and other retinal progenitor cells, which undergo INM (apical mitoses).

The number of Lim1, PH3 double-positive HPCs was similar after treatment with inhibitor as with vehicle indicating that Chk1 is not directly involved in regulating the terminal basal mitosis ([**Fig. 1A--C**](#f0001){ref-type="fig"}). In contrast, an increase of cells entering apical mitoses was seen after treatment with Chk1 inhibitor compared with vehicle ([**Fig. 1A--C**](#f0001){ref-type="fig"}). This result is consistent with our previous results, and with the results obtained by Fragel-Madeira and colleagues,[@cit0008] indicating that Chk1 influences the regulation of the cell cycle during INM at st29 but not during the basal mitosis of Lim1+ HPCs. Figure 1.Effects on basal (HPCs) and apical mitoses in developing retina by inhibitor of Chk1 and DNA damage The relative density of mitoses (PH3+ cells/mm^2^) in the central region of inhibitor-treated (dark gray bars) compared with control (vehicle, light gray bars) st29 retinas. The basal mitoses are terminally dividing HPCs. Relative density of (**A**) basal (HPCs) PH3+ and apical PH3+ cells after treatment with the Chk1 inhibitor SB 218078 compared with vehicle. Fluorescence micrographs of Lim1, PH3 double-positive cells in st29 retinal explants after (**B**) vehicle or (**C**) SB 218078 treatment. (**D**) The relative density of basal (HPCs) PH3+ and (**E**) apical PH3+ cells after treatment with the DNA damaging agent, cisplatin, compared with vehicle. Fluorescence micrographs of Lim1, PH3 double-positive cells in st29 retinal explants after (**F**) vehicle or (**G**) cisplatin treatment. Arrowhead; double-positive HPC, gcl; ganglion cell layer, st; Hamburger and Hamilton stages. Student\'s t test, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, n ≥ 4 treated eyes, 4 sections per eye, Scale bar is 10 μm.

Cisplatin does not block the terminal basal mitosis of HPCs {#s0002-0002}
-----------------------------------------------------------

To further investigate the regulation of the basal mitosis of Lim1+ HPCs we triggered activation of Chk1/2 using the cytotoxic drug cisplatin. Cisplatin forms DNA adducts, triggering activation of the ATM/ATR kinases and activation of the downstream kinases Chk1 and Chk2.[@cit0022] However, cisplatin preferentially activates the ATR kinase and thereby Chk1, the main downstream target of ATR, resulting in a block in M-phase transition.[@cit0013]

Stage 29 retinas were injected intraocularly with cisplatin and analyzed after 2 h, 4 h, or 6 h. The PH3+ cells were counted and there was no difference between the cisplatin- and vehicle-treated retinas with regard to PH3, Lim1 double-positive HPCs ([**Fig. 1D, F and G**](#f0001){ref-type="fig"}). However, there was a reduction in the number of apical mitoses after 4 h and 6 h, verifying that the treatment was effective ([**Fig. 1E--G**](#f0001){ref-type="fig"}). The results indicate that the basal mitosis of Lim1+ HPCs is not affected by cisplatin-induced DNA damage.

Cisplatin-induced DNA damage triggers p53-dependent expression of p21 {#s0002-0003}
---------------------------------------------------------------------

Cisplatin indirectly induces expression of the cell cycle regulator p21, which is able to arrest the cell cycle.[@cit0022] We investigated if cisplatin is able to induce the expression of p21 in the chicken retina. Cisplatin was injected intraocularly at st29 and p21 mRNA expression was analyzed by qRT-PCR after 2 h, 4 h, or 6 h. An increase in p21 mRNA was observed 6 h after treatment compared both to non-treated and to vehicle-treated retinas ([**Fig. 2A**](#f0002){ref-type="fig"}). The result confirmed that p21 mRNA is induced in the retina after cisplatin treatment. The transcription level of p21 is regulated by p53[@cit0024] and to investigate if the cisplatin-induced increase of p21 mRNA was dependent on p53 we used cyclic Pifithrin-α, a specific p53 inhibitor.[@cit0025] Cisplatin and different amount of cyclic Pifithrin-α was injected intraocularly and p21 mRNA was analyzed by qRT-PCR after 6 h. Injection of 175 ng cyclic Pifithrin-α reduced the p21 expression ([**Fig. 2B**](#f0002){ref-type="fig"}). These results indicate that cisplatin induces the canonical p53 pathway, leading to increased p21 expression that can be inhibited by blocking the activity of p53 with cyclic Pifithrin-α. We used cyclic Pifithrin-α to investigate the role of p53/p21 in the regulation of the basal mitosis of Lim1+ HPCs. Stage 29 retinas were treated intraocularly with 175 ng cyclic Pifithrin-α for 2 h, 4 h, and 6 h, and the basal and apical mitoses were counted. The number of both the apical PH3 positive and the basal Lim1, PH3 double-positive cells was similar after treatment with inhibitor or vehicle, indicating that canonical expression of p53 is not directly involved in regulating the mitoses during this developmental period (data not shown). Figure 2.Expression of p21 after cisplatin, cyclic Pifithrin-α treatment, and during the normal development of the chicken retina. The relative mRNA levels of p21, at st29, after intraocular injections of (**A**) cisplatin, (**B**) cisplatin and different concentrations of cyclic Pifithrin-α (PFT), or (**C**) PFT treatment. Relative mRNA expression of (**D**) p21 and (**E**) p53, p63 and p73 in the developing retina from st20-45. St29 is marked with a gray bar. One-way ANOVA, Tukey\'s multiple comparison test, \*\**P* \< 0.01, \*\*\**P* \< 0.001, n ≥ 4 treated eyes, st: Hamburger and Hamilton stages.

We used cyclic Pifithrin-α to indirectly reduce p21 expression in st29 retina. p21 mRNA has a half-life of 2.5 h[@cit0026] and we treated retinas with 175 ng cyclic Pifithrin-α for 2 h, 4 h, or 6 h. No reduction in p21 mRNA was observed ([**Fig. 2C**](#f0002){ref-type="fig"}). We hypothesized that the absence of reduction in p21 mRNA after cyclic Pifithrin-α treatment may be a result of low endogenous expression of p21 and blocking p53 would thus have little effect on the p21 expression. The expression of p21, its regulator p53, and the p53-family members p63 and p73, were therefore studied in normal developing retina.

Expression of p21, its regulator p53 and family members during the normal development of the chicken retina {#s0002-0004}
-----------------------------------------------------------------------------------------------------------

The analysis was restricted to the central part of embryonic chicken retinas, st20-45 (embryonic day \[E3-19\]). The mRNA levels of p21 were low in the normal retina until st34 (E8), thereafter increasing ([**Fig. 2D**](#f0002){ref-type="fig"}). The low endogenous expression of p21 at st29 (E6) ([**Fig. 2D**](#f0002){ref-type="fig"}, st29 is marked with a gray bar) is consistent with p21 not being actively transcribed during the early stages of retinal development.

The qRT-PCR analysis showed that the expression levels of p53 mRNA were elevated above background at all the investigated stages ([**Fig. 2E**](#f0002){ref-type="fig"}). The p53 family, including p63 and p73,[@cit0027] have redundant functions and are able to activate p53 target genes, regulate the cell cycle, and mediate apoptosis.[@cit0029] Both p63 and p73 mRNA levels were low, at background levels, during all the stages investigated ([**Fig. 2E**](#f0002){ref-type="fig"}), indicating that p53 is the functional paralogue in the developing retina during these stages.

Activation of p53 with Nutlin3a leads to increased expression of p21, which blocks the terminal basal mitosis of HPCs {#s0002-0005}
---------------------------------------------------------------------------------------------------------------------

The ability of Lim1+ HPCs to continue into mitosis after cisplatin treatment might be caused by an absence of a functional p53/p21 response in these cells. The transcriptional activity by p53 is negatively regulated by Mdm2 and Mdm4[@cit0015] and we analyzed the expression of these genes in normal developing retina. Mdm2 and Mdm4 mRNA levels were low, but above background levels in early retina thereafter increasing from st34 (E8) and reaching peak levels at st38 (E12) ([**Fig. 3A**](#f0003){ref-type="fig"}). The results show that both Mdm2 and Mdm4 are expressed in the developing retina. Figure 3.Expression of p21 after Nutlin3a treatment and effect on mitoses in retinal explants. Relative mRNA expression of (**A**) Mdm2 and Mdm4 in the developing retina from st20-45. St29 (E6) is marked with a gray bar. (**B**) The relative mRNA levels of p21, at st29 retinal explants, after Nutlin3a 10 μM treatment. (**C**) The relative density (PH3+ cells/mm^2^) of basal (HPCs) PH3+ cells and (**D**) apical PH3+ after treatment with Nutlin3a compared with vehicle. Fluorescence micrographs of Lim1, PH3 double-positive cells in st29 retinal explants after (**E**) vehicle or (**F**) Nutlin3a treatment. Arrowhead: double-positive HPC, st: Hamburger and Hamilton stages, one-way ANOVA, Tukey\'s multiple comparison test or Student\'s t test, \**P* \< 0.05, \*\*\**P* \< 0.001, n ≥ 4 treated eyes, 4 sections per eye. Scale bar is 10 μm.

The inhibitory interactions between Mdm2/4 and p53 may be manipulated by Nutlin3a, which acts to stabilize and activate p53.[@cit0031] Several antibodies against p53 were tested in order to study the p53 protein expression or activity, but none of the antibodies tested gave any reproducible results. Instead, we used the p21 mRNA expression to indirectly monitor p53 activity. Nutlin3a was added to the retinal explants and p21 expression was analyzed. 10 μM Nutlin3a increased p21 mRNA levels both after 4 h and 6 h incubation ([**Fig. 3B**](#f0003){ref-type="fig"}). The response was robust with a more than 10-fold higher p21 expression than that produced by cisplatin. This indicated that the p53 system is active in the retina and that Nutlin3a treatment stimulates p53 in the retinal explants. We then analyzed if the mitoses in st29 retinal explants were affected by Nutlin3a. The mitoses were analyzed by PH3 immunohistochemistry after 2 h, 4 h, or 6 h incubation. PH3+ cells on the basal (HPCs) and apical sides of the retina were counted. A clear reduction of the basal PH3+ HPCs was seen with Nutlin3a treatment after 6 h incubation compared to vehicle ([**Fig. 3C, E and F**](#f0003){ref-type="fig"}). The same was observed for the apical PH3+ cells ([**Fig 3D--F**](#f0003){ref-type="fig"}). The results indicate that the regulation of the basal and apical mitoses displayed similar sensitivity to Nutlin3a treatment.

HPCs are able to enter mitosis in the presence of DNA damage {#s0002-0006}
------------------------------------------------------------

Our results indicate that the Lim1+ HPCs have a functional p53/p21 response. However, they do not arrest after cisplatin-induced DNA damage. We have previously shown that the Lim1+ HPCs have a functional response to DNA damage, including phosphorylation of H2AX (γ-H2AX).[@cit0009] We investigated the presence of γ-H2AX during the terminal basal mitosis of Lim1+ HPCs. Cisplatin was injected intraocularly at st29 and γ-H2AX immunoreactivity was analyzed after 2 h, 4 h, or 6 h. γ-H2AX immunoreactivity was neither observed in mitotic cells after vehicle treatment, nor in apical mitoses after cisplatin treatment ([**Fig. 4A--C**](#f0004){ref-type="fig"}). However, some basal Lim1, PH3 double-positive HPCs were γ-H2AX positive after 2 h cisplatin treatment ([**Fig. 4B**](#f0004){ref-type="fig"}). The presence of γ-H2AX immunoreactivity in basal Lim1, PH3 double-positive HPCs was confirmed by confocal microscopy ([**Fig. 4C**](#f0004){ref-type="fig"}). Not all Lim1, PH3 double-positive HPCs were immunoreactive for γ-H2AX, indicating either absence of DNA damage or that the immunoreactivity was below detection. Furthermore, there was a decrease in the number of γ-H2AX+ cells after 6 h treatment, indicating an active DNA damage repair pathway (data not shown). Figure 4.γ-H2AX and cleaved caspase-3 after cisplatin-induced DNA damage. Fluorescence micrographs of γ-H2AX, PH3, and/or Lim1 positive cells in st29 retinas after (**A**) vehicle or (**B**) cisplatin intraocular in ovo treatment. (**C**) Confocal image of [**Figure 4B**](#f0004){ref-type="fig"}. (**D**) The relative density of Lim1 negative, C-casp-3+ cells (C-casp-3+ cells/mm^2^) after treatment with cisplatin compared with vehicle. Arrowhead: positive cell, gcl: ganglion cell layer, st: Hamburger and Hamilton stages, Student\'s t test, \**P* \< 0.05, n ≥ 4 treated eyes, 4 sections per eye. Scale bar is 10 μm.

Cisplatin does not activate caspase-3 in HPCs {#s0002-0007}
---------------------------------------------

Cisplatin treatment has been shown to activate an apoptotic response.[@cit0033] We analyzed cleaved caspase-3 (C-Casp-3) immunoreactivity in the ciplatin-treated retinas, to investigate if cisplatin triggered apoptosis in the Lim1+ HPCs. Incubation for up to 6 h was analyzed, but no difference to control was seen when C-Casp-3 was analyzed. None of the basal Lim1, PH3 double-positive HPCs were immunoreactive for C-Casp-3 when carefully inspected (73 Lim1, PH3 double-positive HPCs). Neither was any of the basal Lim1+, PH3 negative HPCs immunoreactive for C-Casp-3 during any of the time points (2223 Lim1+ HPCs). However, an increase in C-Casp-3 immunoreactivity was observed in Lim1 negative cells after cisplatin treatment compared to control retinas ([**Fig. 4D**](#f0004){ref-type="fig"}).

Cdk1/2 inhibitor III blocks mitotic entry {#s0002-0008}
-----------------------------------------

Our results show that the Lim1+ HPCs are able of progress into mitosis in the presence of DNA damage and the master regulatory complex of M-phase progression is the cyclin B1-Cdk1 complex. An active cyclin B1-Cdk1 complex in the nucleus will initiate M-phase transition.[@cit0034] Blocking the Cdk1-kinase activity will inhibit down-stream events that are necessary for cell cycle propagation into mitosis. Stage 29 retinal explants were incubated with the Cdk1/2 Inhibitor III for 1--6 h and Lim1, PH3 immunoreactivity was analyzed. The Cdk1/2 inhibitor reduced the number of PH3, Lim1 double-positive cells ([**Fig. 5A, C and D**](#f0005){ref-type="fig"}), indicating a block of G2/M-phase transition. Similar results were seen for the apical mitoses ([**Fig. 5B--D**](#f0005){ref-type="fig"}). Figure 5.The effect of Cdk1/2 inhibition on mitoses in retinal explants. (**A**) The relative density (PH3+ cells/mm^2^) of basal (HPC) PH3+ cells at st29 after Cdk1/2 inhibitor III treatment for 1--6 h compared to vehicle and (**B**) the relative number of apical PH3+ cells at st29 after treatment for 1--6 h compared to vehicle. (**C and D**) Fluorescence micrographs of Lim1 and PH3 or (**E**) Lim1 and C-Casp-3 immunoreactivity in st29 retinal explants treated with the Cdk1/2 inhibitor or vehicle for 6 h. Arrowhead: double-positive HPC, st: Hamburger and Hamilton stages, Student\'s t test, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, n ≥ 4 treated eyes, 4 sections per eye, gcl: ganglion cell layer. Scale bar is 10 μM.

Cdk1/2 inhibitor III does not activate Caspase-3 in HPCs {#s0002-0009}
--------------------------------------------------------

Cdk1/2 inhibition in normal cells and in cells with replicative or cytotoxic stress has been shown to activate an apoptotic response.[@cit0035] To investigate if the Cdk1/2 inhibitor triggered apoptosis in the Lim1+ HPCs, we analyzed C-Casp-3 in the Cdk1/2 inhibitor-treated explants. Incubation for up to 6 h was analyzed, but no difference to control was seen when C-Casp-3 was analyzed ([**Fig. 5E**](#f0005){ref-type="fig"}). Less than 0.2% of basal Lim1+ HPCs were immunoreactive for C-Casp-3 when carefully inspected at the 4 treatment time points (1012 Lim1+ HPCs).

Discussion {#s0003}
==========

We have previously shown that the chicken Lim1+ HPCs have a heterogenic final cell cycle, where a proportion of the cells undergo a terminal basal mitosis. The heterogenic final cell cycle is neither regulated by the DNA damage response pathway nor active Chk1.[@cit0005] We have, in this study, followed up our previous results, showing that Chk1 is not directly involved in regulating the terminal basal mitosis. Neither blocking nor activating Chk1 had an effect on the basal mitosis of Lim1+ HPCs. This is in contrast to cells undergoing INM, where blocking Chk1 gave an increase in the number of apical mitoses. Chk1 dependent regulation of cell cycle progression has been demonstrated in mouse retinal progenitor cells.[@cit0008]

The kinase inhibitor, p21 is involved in regulating cell cycle exit and DNA damage response. Inducing DNA damage with cisplatin resulted in a p53-dependent increase in p21 mRNA and a G2/M-phase transition arrest of cells undergoing INM. Cisplatin-induced DNA damage did not result in blockage of the G2/M-phase transition. This indicates that the Lim1+ HPCs are, to some degree, resistant to cisplatin-induced cell cycle arrest. Resistance can be acquired through several mechanisms, for example reduced intracellular drug accumulation and/or increase in DNA damage repair.[@cit0022] However, these mechanisms seem unlikely in our system as cisplatin induces intense γ-H2AX labeling in the Lim1+ HPCs, indicating the presence of substantial DNA damage.[@cit0009] Furthermore, there is cisplatin resistance in several tumor cell lines, when p21 expression is suppressed or when cytoplasmic expression of p21 is high.[@cit0036] We investigated the expression of p21 during development of the chicken retina. p21 mRNA levels were low during early retinal development, indicating that endogenous p21 does not have an active role in cell cycle regulation during the early stages of development. The mRNA levels of p21 increased from st34, suggesting that p21 may rather be important later during development. It has been shown that the p21 family members, p27 and p57, regulate proliferation of murine retinal progenitor cells and over-expression of p27 results in premature cell cycle exit.[@cit0038] This is consistent with our previous results showing high p27 protein expression in Lim1+ HPCs leaving the cell cycle, indicating that p27 may be the main regulator of cell cycle exit during the early development of the chicken retina.[@cit0005]

The transcriptional regulation of p21 is mediated by p53 and we analyzed the expression levels of p53 and its family members. qRT-PCR revealed that p53 mRNA is expressed in the retina but p63 and p73 are not expressed. This suggests that p63 and p73 may play less important roles during retinal development than p53. These results are consistent with results from the developing murine retina where p63 and p73 levels were low and p53 levels were high.[@cit0019] p53 is negatively regulated by Mdm2 and Mdm4. The mRNA levels of Mdm2 and Mdm4 were low during development of the retina but peaked at the period when cell death is abundant in the developing retina. p53 regulates the mRNA levels of Mdm2 in a negative feedback loop[@cit0039] and there might be an increase in p53 protein levels, prior to developmental apoptosis, leading to transcription of Mdm2. We used Nutlin3a to block the inhibitors Mdm2 and Mdm4, thereby, indirectly activating p53. Within 4 h, an increase in p21 mRNA was observed, indicating an increase in p53 activity. Treatment with Nutlin3a for 6 h resulted in blockage of the G2/M-phase transition for both Lim1+ HPCs and cells with an apical mitosis. This indicats that the Lim1+ HPCs have a functional p53/p21 system.

We further investigated the Lim1+ HPCs that progressed into mitosis after cisplatin treatment and some Lim1, PH3 double-positive HPCs that were γ-H2AX positive were observed. The Lim1+ HPCs did not show immunoreactivity for cleaved caspase-3, indicating that the basal mitoses were not followed by apoptosis. The ability of Lim1+ HPCs to continue into mitosis in the presence of DNA damage is consistent with results obtained in the conditional Rb1-inactivated mouse retina, where HCs with DNA damage were able to remain in the cell cycle due to increased expression of the transcription factor E2f1 and its target genes.[@cit0040] However, further investigation is needed to clarify whether this is the case in chicken retinal Lim1+ HPCs. Furthermore, blocking Cdk1 reduced both basal and apical mitoses, verifying the well established fact that active Cdk1 is necessary for M-phase transition.

The results indicate that the terminal basal mitosis of Lim1+ HPCs is less sensitive to cisplatin-induced cell cycle arrest compared to cells dividing with an apical mitosis and that Lim1+ HPCs are able to enter mitosis in the presence of DNA damage. However, direct activation of p53/p21 may arrest the terminal mitosis.

Materials and Methods {#s0004}
=====================

Animals {#s0004-0007}
-------

Fertilized White Leghorn eggs (Gallus gallus) were obtained from Ova Production AB and incubated at 38°C in a humidified incubator. Embryos were classified into stages (st) or the corresponding embryonic age in days (E) according to Hamburger and Hamilton.[@cit0020]

The Lim1+ HPCs exhibit 3 different behaviors during their development. They are generated by 1) an INM with an apical mitosis (between st19-31), 2) by a final cell cycle with an S-phase that is not followed by any mitosis (between st19-31), such cells remain with a replicated genome, or 3) by non-apical (basal) mitoses (between st26-31). We have used st29 (E6) retinas for our experiment because there is a peak of basal mitoses during this developmental stage.[@cit0005]

Whole retinal explants {#s0004-0001}
----------------------

Eyes from st29 embryos were dissected in 37°C PBS. The pigment epithelium was removed, leaving the lens and the entire neuronal retina attached to the vitreous body. The eyes were cultured at 37°C in 35 mm dishes on a rotator shaker, with a constant speed of 50 rpm, inside an incubator with 5% CO~2~. The retinas were cultured 60 min before adding the chemical or vehicle. The medium was 1:1 DMEM:F12 Nutrient mix, 10% FCS, 10 U/ml penicillin streptomycin, 5 μg/ml Insulin, and 2 mM [l]{.smallcaps}-glutamine. The control eye and the treated eye were dissected from the same embryo. After treatment for 1--6 h (depending on the experiment), the eyes were analyzed by immunohistochemistry.

Three different chemicals were administered to the retinal explants ([**Table 1**](#t0001){ref-type="table"}). Chemicals were resuspended in either DMSO or EtOH and their final concentration in the medium is given. SB 218078 (2560, Tocris), an inhibitor of Chk1, was used at a concentration of 1 μM in 0.09% DMSO. Nutlin3a (18585, Cayman chemical), an inhibitor of Mdm2 and Mdm4 interaction with p53, was used at a concentration of 10 μM in 0.1% EtOH. Cdk1/2 inhibitor III (217714, Calbiochem) an ATP-competitive inhibitor of cyclin B1-Cdk1 and cyclin A-Cdk2, was used at a concentration of 300 nM in 0.01% DMSO. The concentration of DMSO and EtOH in the vehicle-treated controls was always identical to the experimental eye. Table 1.The chemicals used in the study and their modes of actionTargetChemicalMode of actionChk1SB 218078Kinase inhibitor; ATP-competitive inhibitor of Chk1[@cit0021]Cyclin B1-Cdk1Cdk1/2 inhibitor III 217714Kinase inhibitor; ATP-competitive inhibitor of Cdk1/CyclinB[@cit0041]DNACisplatinDNA adduct formation and blockage in DNA synthesis[@cit0022]Mdm2/Mdm4-p53Nutlin3aInhibitors of non-enzyme protein-protein interactions[@cit0031]p53Cyclic pifithrin-αModulates the nuclear import and/or export of p53 and decrease the stability of nuclear p53[@cit0042]

Intraocular injections {#s0004-0002}
----------------------

Stage 29 eyes were injected with 1.5 μg cisplatin followed by 2 h, 4 h, or 6 h incubation prior to analysis. Stage 29 retinas were treated simultaneously with 1.5 μg cisplatin and 17.5 ng, 35 ng, or 175 ng cyclic Pifithrin-α for 6 h incubation prior to analysis. Stage 29 eyes were injected with 175 ng Pifithrin-α followed by 2 h, 4 h, or 6 h incubation prior to analysis. The retinas were treated according to the immunohistochemical protocol.

Immunohistochemistry {#s0004-0003}
--------------------

Immunohistochemistry was performed as described previously.[@cit0005] Tissue was fixed in 4% paraformaldehyde in PBS. The following antibodies were used: the transcription factor Lim1/2 (1:20, mouse, 4F2-s, Developmental studies hybridoma bank), PhosphoHistone 3 (PH3) (1:4000, rabbit, 06-570, Millipore; 1:400, goat, sc-12927, Santa Cruz), γ-H2AX (1:4000, rabbit, ab11174, Abcam), Caspase-3, cleaved (1:4000, rabbit, \#9661, Cell Signaling). Secondary antibodies were obtained from Invitrogen. Samples were analyzed using a Zeiss Axioplan 2 microscope or a Zeiss LSM 510 confocal microscope, equipped with an AxioCam C camera and Axiovision software. Images were formatted, resized, enhanced and arranged using Axiovision and Adobe Photoshop CS4.

Quantification of mitoses and cleaved caspase-3 {#s0004-0004}
-----------------------------------------------

Cells in late G2/M-phase were identified using a PH3 antibody and cells in the early phases of apoptosis were identified using a C-casp-3 antibody. At least 4 sections per eye from 4 different embryos per treatment and antibody-combination were used for cell counting (cells/mm^2^). Only the central part of the retina was analyzed to avoid bias imposed by the temporal and centro-peripherial aspects of retinal development. Both ventricular (apical) and vitreal (basal) mitotic cells were counted. The mean number (+/− SD) for each combination of labeling and stage was calculated and the data analyzed in GraphPad Prism (v3.02, GraphPad software Inc.). Analysis of variance was done with Student\'s t test and statistical significance was set to *P* \< 0.05.

Quantitative reverse transcription PCR {#s0004-0005}
--------------------------------------

Retinas from different embryonic stages: st20 (E3), st22 (E3 ½), st24 (E4), st27 (E5), st29 (E6), st31 (E7), st34 (E8), st36 (E10), st38 (E12), st40 (E14) and st45 (E19), were stripped of pigmented epithelium before being collected for the quantitative reverse transcription PCR (qRT-PCR). For st29 and older embryos, the central part of the retina was collected to avoid bias imposed by the centro-peripherial aspects of retinal development. For st34 and younger, a minimum of 2 animals per batch was collected, to ensure that the amount of mRNA would be sufficient for the qRT-PCR. For all stages, a minimum of 2 batches were used. The mRNA was extracted with Trizol reagent (Invitrogen). The mRNA batches were treated with DNase for 30 min at 37°C before 1 μg of mRNA from each batch was used to prepare cDNA with the high capacity RNA-to-cDNA kit (Applied biosystem). For the qRT-PCR each batch was run in duplicates using IQ SyBr Green Supermix (Bio-Rad laboratories AB). The primers ([**Table 2**](#t0002){ref-type="table"}) were designed with either Primer Express v2.0 (Applied biosystem) or Primer3 Input version 0.4.0. The initial mRNA levels were normalized to β-actin and TATA box binding protein (TBP). Control reactions containing primers but no cDNA were analyzed in parallel. The data was analyzed with one-way ANOVA followed by Tukey\'s multiple comparison test. Table 2.Primers used for qRT-PCRGeneAccession Nr.Primer (F 5′→ 3′)Primer (R 5′→ 3′)β-actinNM_205518aggtcatcaccattggcaatgcccaagaaagatggctggaaTBPNM_2005103tagcccgatgatgccgtatgttccctgtgtcgcttgcp53NM_205264ccgtggccgtctataagaaaacagcaccgtggtacagtcap63NM_204351tgttttgaagctcgcatttgtgcataggttccagggactcp73XM_004947368ttgcagctctgtgtgattccgtggagctgggaatgtgtttp21NM_204396caatgccgagtctgtagttcccttccagtcctcctcagtcccttMdm2NM_001199384acttcccagccaacaacatcatcgctgctattgctcctgtMdm4/XXM_004934926agaacgcctgcagaatcactgtcatacagctgcctcacca
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